[1] We discovered a vertical hole on the Moon, which is a possible lava tube skylight, using data from SELENE's two high-resolution cameras: the Terrain Camera and the Multiband Imager. The hole is nearly circular, 65 m in diameter, and located in a sinuous rille at the Marius Hills region, a volcanic province on the lunar nearside. We observed the hole at various solar illumination conditions and estimated its depth to be 80 to 88 m. The depth/diameter ratio is much larger than for typical impact craters. There are neither conspicuous deposits indicating volcanic eruptions from the hole, nor are there pit craters adjacent to the hole that could be related to an underlying fault or dike. The area around the hole is covered by a thin (20 to 25 m) lava sheet, which may help protect the lava tube from collapse due to meteorite bombardment.
Introduction
[2] Lava tubes are common in basalt flows on the Earth, but whether or not they formed on the Moon has been a subject of scientific discussion [Oberbeck et al., 1969; Greeley, 1971; Coombs and Hawke, 1992] . Numerous workers suggested that sinuous rilles originated as lava-fed channels, some of which formed tube-like structures based on their similarity to terrestrial lava channels and tubes [Oberbeck et al., 1969; Greeley, 1971; Hulme, 1973; Cruikshank and Wood, 1972; Gornitz, 1973; Head, 1976; Coombs and Hawke, 1992] . For example, Oberbeck et al. [1969] , Greeley [1971] , and Cruikshank and Wood [1972] interpreted some rilles as collapsed or partially collapsed lava tubes, whereas Coombs and Hawke [1992] suggested that some exhibited alternating lava channel and tube sections.
[3] Lunar lava tubes are a potentially important location for a future lunar base, whether for local exploration and development, or as an outpost to serve exploration beyond the Moon. Any intact lava tube could serve as a shelter from the severe environment of the lunar surface, with its meteorite impacts, high-energy UV radiation and energetic particles, and extreme diurnal temperature variations [e.g., Hörz, 1985; Coombs and Hawke, 1992] .
[4] Both scientific and exploration factors motivated efforts to search for intact lava tubes in Lunar Orbiter and Apollo images. Coombs and Hawke [1992] investigated 67 lava tube candidates within 20 rilles. Four of the locations showed strong evidence for intact tube segments [Coombs and Hawke, 1992] . However, their findings remain to be confirmed by higher resolution visible observations, or other techniques such as radar or ground exploration. All previous searches relied on the identification of possible intact lava tube sections adjacent to collapsed sections. No previous work identified small skylights in intact lava tubes on the Moon, probably because of the limited spatial resolution and coverage, or the absence of suitable illumination conditions.
[5] In contrast, based on high resolution data of Mars, Cushing et al. [2007] discovered seven small holes on the flanks of Arsia Mons using the Mars Odyssey Thermal Emission Imaging System (THEMIS-IR and VIS), and the Mars Orbiter Camera (MOC) images. Most of these Martian holes, measuring 100 to 225 m in diameter, are either adjacent to pit craters or are associated with pit-crater chains. Although their formation related to faults cannot be excluded, the Martian holes could plausibly be explained as openings to underlying lava tubes.
[6] We undertook a renewed effort to search for intact lava tubes on the Moon, using new global high-resolution lunar image data collected by the Terrain Camera (TC) and the Multi-band Imager (MI) aboard SELENE (nicknamed Kaguya) [Haruyama et al., 2008] .
Observations and Analysis
[7] SELENE was a Japanese polar orbiter in operation from September 2007 to June 2009. The Terrain Camera (TC) was a panchromatic visible-wavelength push-broom camera (430 to 850 nm) with two ± 15°slant telescopes for stereoscopy. The Multi-band Imager (MI) was a nine-band visible-to-nearinfrared push-broom camera with two nadir telescopes. The TC was usually operated at solar elevation angles of <30°and MI at >30°. Pixel resolutions from SELENE's nominal 100 km orbit are 10 m (TC), 20 m (MI visible), and 62 m (MI nearinfrared). During the extended mission, cross-track resolutions were twice as high from 50 km altitude.
[8] We searched for evidence for intact lava tubes in a region surrounding the Marius Hills (297 to 315°E, 3 to 24°N, about 500 km Â 500 km), a volcanic province Table 1 for imaging conditions. Arrows indicate the directions of solar illumination (I) and the view vector from the camera (V). exhibiting many common volcanic structures [Greeley, 1971] , including the major rilles Rima Marius (250 km long), Rima Suess (200 km long), and Rima Galilei (180 km long). We specifically looked for skylights or cave openings similar to those discovered on Mars. In both TC and MI images, a single skylight candidate was discovered. [9] The high-resolution Apollo Metric and Panoramic cameras did not image the MHH area. Lunar Orbiter 5 imaged the upper portion of Rille A (Frame 214 H1 -H3) with a ground resolution of $2.5 m [Greeley, 1971] , but did not cover the MHH. Lunar Orbiter 4 Frame 157-H2 had the highest spatial resolution (60 m) for this area [Bowker and Hughes, 1971] . In this image, the MHH is a small black dot, but cannot be distinguished from regular impact craters.
[10] TC and MI observed the MHH nine times from January 2008 to April 2009 at incidence angles (i) of 48°to 73.3°for TC, and 15.1°to 21.4°for MI, and at solar azimuth angles of 92.7°to 265.3° (Table 1 ). The MHH is nearly circular, with a diameter of 65 m (Figures 1c -1f ) . Compared to typical impact craters, the shaded portions of MHH's inner wall appear extremely dark in the images even at an incidence angle of 15° (Figures 1f) , so the walls are very steep, even vertical.
[11] When the Sun illuminates the vertical wall of a hole, a minimum depth, d sunlit (sunlit depth), of the hole can be calculated from the hole diameter D and incidence angle i as D/tan (i) (Figure 2a ). This minimum depth should be consistent with an independent estimation of the hole depth from the cross length of the dark portion L of the hole as
, where e is the emission angle (Figure 2b The view angle of camera to MHH, projected onto the lunar surface and measured clockwise from the 12:00 position. [12] However, the MI observation at smaller incidence angles (i = 20.9°, 15.1°; Figures 1e and 1f) , suggests that d obs is not consistent with d sunlit , indicating that the bottom of the MHH is observed at these incidence angles (Figure 2d) . The depth to the bottom from the surface can be calculated by d bottom = L/tan (i) (Figure 2d ), giving 80 m (i = 20.9°) to 88 m (i = 15.1°); the difference is due to the spatial resolution and/or real differences in the bottom relief. As a result, the depth-to-diameter ratio of the MHH (>1) is much higher than that of a typical impact crater (<0.2 [Pike, 1977] ).
[13] Assuming that the depth (d obs ) of the MHH observed by TC with an incidence angle i of 48°corresponds to the total thickness of the ceiling of the lava tube and any overlying lava flows ($60 m), we can use the simple single-beam theory [Oberbeck et al., 1969] to estimate the maximum width of the tube to be (4Sd/3rg) 1/2 at lunar gravity (g), where S and r are the tensile strength and the density of the ceiling. The estimated maximum width of the tube is 370 m for S = 6.9 MPa, d = 60 m, r = 2500 kg/m 3 , and g = 1.62 m/s 2 [after Oberbeck et al., 1969] , a value that exceeds the MHH diameter and is less than the width of Rille A ($500 m). Because the depth (d obs ) of the MHH observed by TC is a minimum (the vertical walls may extend deeper), the maximum width of an underlying lava tube could be larger. Our estimated lava tube width might also be a minimum, because we are ignoring factors such as structural fracturing, arch mechanics, vertical layering, and differential stress/strain. However, such a simplification is necessary because those factors cannot be derived from available data.
[14] The area around MHH seems to be slightly buried, because the walls of Rille A at that location are less high than at other points along the rille (see Figure 1b) . Support for a burial of the rille comes from the model age of the area surrounding MHH, which we derived from crater sizefrequency distribution (CSFD) measurements [Neukum, 1983] . Because this technique is sensitive to resurfacing events [e.g., Neukum and Horn, 1975; Hiesinger et al., 2002] , it provides an independent test for the potential burial of the tube by younger lavas. For the solid white polygon (Figure 1a) , the CSFD for craters larger than 650 m diameter gives a 3.65 (±0.05) Ga model age (Figure 3) . In contrast, craters with 350-550 m diameters, yield a model age of 3.56 (+0.02/À0.01) Ga. For our crater counts, we excluded areas with obvious secondary craters, identified by their morphological characteristics. A reasonable interpretation for the two distinct model ages is that the basalts covering this area formed during at least two eruptions, as observed for other maria on the nearside [Hiesinger et al., 2002 [Hiesinger et al., , 2003 and farside [Haruyama et al., 2009] . The study area was likely resurfaced by a thin basaltic eruption at 3.56 Ga that did not completely obliterate pre-existing craters on an earlier lava sheet that formed at 3.65 Ga. If we consider that the diameter -to-rim-height ratio of a typical lunar crater of <1 km is <0.05 [Pike, 1977] , the thickness of the younger lava sheet can be estimated as 20 to 25 m. Thus, the original lava tube ceiling thickness was on the order of 40 meters or more.
Formation
[15] We consider several possible origins for the MHH including a local volcanic eruption and collapse. The roofs over many tubes on the Moon may collapse due to meteoroid impacts [e.g., Coombs and Hawke, 1992] , the withdrawal of lava from the tube, the emplacement of younger lava with its associated additional mass, moonquakes, or tidal forces. All these mechanisms could cause the failure of the roof, particularly at its weakest point near the center of the investigated tube. We exclude a local volcanic eruption as the formation mechanism for the MHH, because there is no conspicuous deposit around the MHH that would indicate eruptions from the hole (Figures 1b-1f ), such as albedo or surface roughness differences.
[16] The formation of fault-or dike-related collapse craters by stoping as described by Okubo and Martel [1998] for Kilauea pit craters, was suggested for the Martian holes [Cushing et al., 2007] . However, a fault or dike would probably have produced in-line pit craters and/or a graben, but no pit craters are located near the MHH. Additionally, the MHH is in a sinuous rille, not a graben. Indeed, MHH's location within a sinuous rille indicates that the most plausible formation mechanism is the formation of a skylight by collapse of the tube roof. This could occur after limited withdrawal of the lava, by a small random impact onto the tube with a spallation process similar to that described by Hörz et al. [1995] , or as a result of moonquakes or tidal forces.
Conclusion
[17] Using SELENE TC and MI images, we discovered a 65 m diameter vertical hole in the Marius Hills region of the Moon, which we interpret to be a skylight of an intact lava tube, similar to skylights formed on terrestrial and Martian volcanic deposits. Shadow measurements revealed that the hole is at least 80-88 m deep and formed in a lava tube with Figure 3 . Crater size-frequency distribution (CSFD) and corresponding absolute model ages for the Marius Hills Hole (MHH) region as defined by the solid polygon in Figure 1a (466.7 km 2 ). Two absolute model ages can be fit to the CSFD, after Neukum [1983] and Neukum and Ivanov [1994] , suggesting that two lavas with distinct ages covered this area. (Error bars are estimated by (n ± n 1/2 )/A, where n is the cumulative number of craters and A is the counting area.) a minimum width of $370 m. An unsuccessful search for additional skylights along three other sinuous rilles nearby indicates that skylights on the Moon are rare.
[18] Many other workers searched the Marius Hills region for intact lava tubes, because of the large density of sinuous rilles present [e.g., Greeley, 1971; Cruikshank and Wood, 1972; Coombs and Hawke, 1992] . However, to our knowledge, the MHH is the first discovered possible skylight in an intact lava tube on the Moon. This is a potentially important discovery for both studies of lunar volcanology and future human outposts. Lava-tube formation is a significant factor controlling the distribution of volcanic materials on the Moon [e.g., Greeley, 1987; Pinkerton and Wilson, 1994; Keszthelyi, 1995; Sakimoto et al., 1997] . Likewise, the Marius Hills region has long been considered an important and accessible exploration target, both scientifically and technically [e.g., Coombs and Hawke, 1992; Taylor and Spudis, 1990] . Indeed, the discovery of MHH further supports the importance of the Marius Hills region as a future exploration target.
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